Improvement of the current waste management is one of the main challenges for most municipalities in Croatia, mainly due to legal obligations set in different European Union (EU) directives regarding waste management, such as reduction of waste generation and landfilling, or increase of separately collected waste and recycling rates. This paper highlights the current waste management in the city of Zagreb by analyzing the waste generation, collection, and disposal scenario along with the regulatory and institutional framework. Since the present waste management system mainly depends upon landfilling, with the rate of separate waste collection and recycling far from being adequate, it is necessary to introduce a new system that will take into account the current situation in the city as well as the obligations imposed by the EU. Namely, in the coming years, the Waste Framework and Landfill Directives of the European Union will be a significant driver of change in waste management practices and governance of the city of Zagreb. At present, the yearly separate waste collection makes somewhat less than 5 kg per capita of various waste fractions, i.e., far below the average value for the (28) capital cities of the EU, which is 108 kg per capita. This is possible to achieve only by better and sustainable planning of future activities and facilities, taking into account of environmental, economic, and social aspects of waste management. This means that the city of Zagreb not only will have to invest in new infrastructure to meet the targets, but also will have to enhance public awareness in diverting this waste at the household level. The solution for the new waste management proposed in this paper will certainly be a way of implementing circular economy approach to current waste management practice in the city of Zagreb.
Introduction
Waste is a pressing environmental, social, and economic issue, and one of the biggest challenges faced by every urban area in the world. Although the quantity and quality of solid waste generated by urban areas in the developing countries are low compared with Western developed and industrialized countries, the municipal solid waste management still remains inadequate (Ilic and Nikolic, 2016) . Waste management has been widely recognized as a technical problem that is strongly influenced by various political, legal, sociocultural, environmental, and economic factors and by resources available to tackle it. Moreover, the interrelationships of these factors are usually very complex when it comes to the waste management. Appropriate solutions for the complex waste management problems should be analyzed from the system perspective, taking into account all of the above factors that are present in a local area (Mashayekhi, 1993; Vesilind et al., 2002; Kum et al., 2005) . Failure to do so may lead to ill-designed solutions that may not be effective enough to give any productive results in waste management. This also refers to the case of municipal waste management in the city of Zagreb, which currently relies only upon landfilling, with a low percentage of recycling rates.
Increase of the generated waste amounts is mostly due to population growth, lifestyle changes, development, and consumption of products with materials that are more or less biodegradable, which created diverse challenges for municipal solid waste management in various cities of the world. Review of the literature especially reveals the differences between municipal waste management in developed and developing countries. In the most developed countries, public health is no longer a major driver for the improvement of the waste management. The focus is primarily on optimization of waste management practices, with a broader goal of resource conservation (McDougall and Hruska, 2000; Collivignarelli et al., 2004; Wilson, 2007) . In recent years, there has been a tendency towards reduction of the total production of municipal waste. This trend is caused both by the international economic crisis that brought out decreasing consumption and by new models of production and consumption that are more conscientious about limiting the production of waste (Paolo and Paola, 2015) .
The benefits of successful upgrading of municipal waste management in the waste management hierarchy are not only limited to a more efficient use of resources and a reduced waste burden on the natural environment. Even though greenhouse gas (GHG) emissions from postconsumer waste and wastewater are a small contributor (about 3%) to total global anthropogenic GHG emissions, efficient waste management will definitely have impact on GHG emission reduction. Methane emissions from landfilled municipal waste have declined considerably in the past decade, whereas the benefits from higher recycling rates have grown even more. These benefits in GHG emissions derive from the fact that recycled materials replace virgin materials, thus reducing the GHG emissions from their primary production. Focus of sustainable waste management in the period 2001-2010 is clear evidence of reducing of GHG as a result of implemented sustainability criteria and an upward shift in the waste management hierarchy (Bogner et al., 2008 ; European Environment Agency [EEA], 2013; Karagiannidis et al., 2013) . Sustainable development requires viable answers following economic, social, and environmental criteria. Therefore, sustainable waste management has a central role in sustainable development (Cucchiella et al., 2014) .
Looking at the European Union (EU) only, data indicate that landfilling of municipal waste decreased by almost 40 million tonnes, whereas incineration increased by 15 million tonnes and recycling grew by 29 million tonnes. However, such data aggregation from 32 European countries masks large differences in waste management performance of individual countries. Municipal waste management in developing countries in the EU (new eastern EU members) is often characterized by its limited utilization of recycling activities, inadequate management of nonindustrial hazardous waste, and inadequate landfill disposal (EEA, 2013; Guerrero et al., 2013) .
EU waste management policies aim to reduce the environmental and health impacts of waste and improve Europe's resource efficiency. The Waste Management Strategy of the Republic of Croatia for the period 2007-2015 establishes the framework for waste reduction and sustainable waste management. This is a major waste management planning document introducing the concept of waste management hierarchy that gives priority to waste prevention, recycling, reuse, and other types of recovery.
Reducing municipal waste can result in a wide range of environmental, economic, and social benefits, such as reducing pollution in water and soil, greenhouse gas emissions, and loss of valuable materials (Tchobanoglous et al., 1993; Wilson, 2007; Asase et al., 2009 ). In addition to data gathering and processing, the researches focused on development of the waste management models and their optimization, which were presented in detail by Beigl et al. (2008) . The published works that deal with forecasting and development of the models of municipal waste management do not rely on parameters directly related to the waste generation activities as such, but mainly on demographiceconomic developments or possible improvements in connection to planning of waste transport lines (Vesling et al., 2002; Collivegnarelli et al., 2004; Bogner et al., 2008; Alavi Moghadam et al., 2009 ).
In the process of monitoring the municipal waste generation, a large number of data are collected and stored (waste types and amounts, generation flows, ways and frequency of collection, number of waste producers, types of waste treatment, etc.). It is, therefore, essential to preprocess all gathered data in order to be able to analyze them in an adequate way. In assessing the generation of municipal waste, it should be taken into account that in addition to activities connected to waste management as such, social and economic impacts (demographic and economic developments, etc.) are also crucial because they critically determine the quantities of municipal waste, which were studied in detail by Lebersoger and Biegl (2011) .
Several studies (Matos et al., 2016; Cucchiella et al., 2014; Curtis et al., 2011; Bortoleto et al., 2012 Bortoleto et al., , 2007 Magrinho et al., 2006 ;) so far have stressed that one of the most important factors of future plans in the waste management sector is an estimate of the quantities of municipal waste generation, which should be as accurate as possible. Further, taking into account the present trends and quantities of municipal waste, this also includes separately collected waste and various social trends and developments (Lebersoger and Biegl, 2011).
In addition to data that are related to waste management process as such, various sociological and economic impacts must be taken into account (number of households, economic trends, etc.), because these are parameters that significantly influence the process of waste generation. This approach should provide a tool that will enable better estimates of municipal waste generation, which so far has evidently been lacking, given the fact that some of the facilities for waste treatment in Croatia seem to be largely oversized.
The aim of this paper is present the current situation and to provide an overview of the different elements of municipal waste management in the city of Zagreb, as well as to propose a concrete solution for the implementation of the sustainable waste management concept that is in line with current EU and national legislation.
The existing municipal waste management system is described in terms of strategic planning and government laws and regulations; waste generation and composition; and current treatment and disposal. The description of the proposed sustainable waste management provides several recommendations for overall system improvement.
The novelty of the proposed approach is visible in a sense that the waste management concept is moving towards the sustainability (recycling, anaerobic digestion of biowaste, mechanical separation, etc.), where only the fraction that cannot be used will be utilized as energy (incineration) or landfilled. This is a significant improvement compared with current practice. This paper may be instrumental for the authorities and researchers of the developing and Eastern Europe countries to work towards improving their present municipal solid waste management system and introducing more sustainable practice according to the principles of circular economy.
Baseline conditions
According to data published by Eurostat, the statistical department of the EU, and Croatian Agency for Environment and Nature (CAEN), coverage of population and municipalities by organized municipal waste collection increased from 86% in 2004 to 99% in 2014, which fulfilled the quantitative target for 2015 (90%) set by the Waste Management Strategy of the Republic of Croatia. The generation of municipal solid waste in Croatia has increased from 979,000 tonnes in 1995 to 1,637,371 tonnes in 2014. The level of municipal solid waste peaked in 2008 with 1,788,000 tonnes (Eurostat, 2010; CAEN, 2016) .
Eurostat statistics for 2013 show that landfilling rates in Croatia are very high (85%) and recycling rates are still too low (16%) to comply with the waste hierarchy and with the 50% set in the EU Waste Framework Directive, which has to be met by 2020. In 2013, the amount of landfilled biodegradable municipal waste was 115% compared with the reference year 1997. Therefore, the 2013 target (to landfill a maximum amount of biodegradable municipal waste equivalent to 75%) was clearly missed (European Commission [EC], 2015) .
Total recycling significant increased between 2007 and 2014, from 3.1% in 2007 to 16.5% in 2014, but is still much below total recycling in the 28 member states of the EU (EU28; 43.4% in 2014). The largest share in total recycling is material recycling (14.4% in 2014), whereas composting and digestion are negligible, 2% in 2014 compared with 15.8% in EU28.
Presently Croatia is finalizing some of the major documents such as new National Environmental Action Plan and new Waste Management Plan (2016) (2017) (2018) (2019) (2020) (2021) (2022) .
The act on waste, namely, the Act on Sustainable Waste Management, prescribes that waste whose valuable properties can be used must be collected and stored separately, so as to allow the management of such waste in accordance with the waste hierarchy. Producer responsibility schemes have been introduced for six waste streams, among others for waste electric and electronic equipment (WEEE) and end-of-life vehicles, which are important sources of secondary materials. Further, the draft Waste Prevention Programme, to be part of a new Waste Management Plan, foresees several waste categories that should be considered as priority streams. One of them is construction and demolition waste, which has great potential from a resource efficiency perspective.
The Sustainable Waste Management Act prescribes restrictions on disposal of biodegradable municipal waste, including food waste. The act sets the obligation of separate collection of biowaste for composting, digestion, or energy recovery. It defines the order of priority of waste management, with a primary emphasis on the prevention of waste generation. Among biodegradable waste types, food waste has been defined as a priority waste stream in the draft Waste Prevention Programme to be adopted as part of National Waste Management Plan.
Towards sustainable waste management, Croatia is currently upgrading municipal solid waste management by building regional waste management centers using mechanical and biological waste processing technologies. Many cities in Croatia are facing serious problems in managing municipal waste due to the existing solid waste management system that is found to be highly inefficient. Becoming a member of EU, it was necessary in Croatia to make some changes in the legal framework in order to be in accordance with the Waste Framework Directive. The aim is to reduce landfilling to only residual waste, and for dealing with generated waste in an environmentally and economically sustainable way, landfilling must be replaced by other, more sustainable, efficient, and modern processes. In addition, Croatia would need to make an exceptional effort in order to fulfill the 50% target of the Waste Framework Directive by 2020 as well as the diversion targets of the EU Landfill Directive. The increase in biodegradable municipal waste since 1997-the reference year for the diversion targets of the Landfill Directive for Croatia-makes it very difficult for Croatia to meet the biodegradable municipal waste targets (EEA, 2013) . Croatia might fulfill the criteria stated in Article 11 of the EU Waste Framework Directive in order to get a derogation period for fulfilling the 2020 target of 50% recycling of municipal solid waste, as the recycling of municipal waste in 2010 was 4%. A fulfillment of the 50% recycling target by 2020 would require extraordinary efforts for Croatia and require an exceptional effort from the Croatian government, the local authorities, and a good cooperation between the public and private sectors in order to secure sufficient treatment capacity (EEA, 2013) . However, there are several Croatian municipalities with advanced waste management system. In February 2016, the city of Prelog and six surrounding municipalities signed the European "Zero Waste 2020" strategy. In signing the strategy, the local authorities-which are already leaders in sustainable waste management in Croatia-have committed to meet the ambitious goal of 70% separately collected waste by 2020 (CEAN, 2016) .
Background to waste policies in the EU and Croatia
According to the 7th Environment Action Programme (EC, 2013) , the objectives the European Commission wishes to achieve are general reduction of waste generation per capita; waste recycling and reuse at highest rate feasible; gradual phasing out landfilling practices; and limited incineration of nonrecyclable waste. These proposals define ambitious plans to increase recycling of municipal waste, phase out landfilling by 2025 of any recyclable materials, reduce food waste generation, extend producers' responsibility, simplify the reporting obligations, and trim down the obligations that affect small and medium enterprises. Accepting the circular economy would help to, as in any natural cycle, reduce the amount of landfilled waste to a minimum and would be instrumental in creating new "green jobs" (EC, 2011a (EC, , 2011b (EC, , 2015 EEA, 2016b) . Key elements of the revised waste proposal include (EC, 2015) • EU target for recycling 65% of municipal waste by 2030 • EU target for recycling 75% of packaging waste by 2030 • A binding landfill target to reduce landfill to maximum of 10% of all waste by 2030 • A ban on landfilling of separately collected waste For this reason, the EU today regards the waste sector not only as an important environmental issue but also as a major opportunity for green jobs in the EU (potential of more than 580,000 green jobs). Besides generating the new jobs, sustainable waste management (reusing, recycling, and composting) contributes to increasing the security of material supplies, the competitiveness of the European industries, and resource efficiency, cutting greenhouse gas emissions, and supporting the research and development goals of the EU (EC, 2011a) .
In order to reach the goals set in the new Waste Package, the European Commission has prepared an activity agenda with the steps necessary to move forward, such as stimulate the secondary materials market and demand for recycled materials through economic incentives and developing end-of-waste criteria, introduction of minimum recycled material rates, durability and reusability criteria, etc.
The (EC, 2004) addresses packaging waste, which has already been implemented in the national laws of the Republic of Croatia-aims at introduction of an integral and sustainable waste management system, but the development of secondary raw materials market in the Republic of Croatia and the city of Zagreb is still at its beginnings. One of the main reasons for this is generally undeveloped system of waste separation and lack of waste treatment (recycling) facilities.
The concept of a circular economy has recently gained traction in European policymaking as a positive, solutions-based perspective for achieving economic development within increasing environmental constraints. Moreover, European countries increasingly indicate the circular economy as a political priority. In December 2015, the European Commission published "Closing the loop-An EU action plan for the circular economy," a new strategy that aims to support the transition to a circular economy in the EU. The action plan sets out a large number of initiatives that address all stages of the life cycle, combined with concrete targets on waste and the development of a monitoring framework in cooperation with the EEA. In this way, it takes important steps towards a circular economy in Europe.
One of the established policies that support the move towards a circular economy is the EU's five-step waste hierarchy established in the 2008 EU Waste Framework Directive, prioritizing the prevention of waste generation. The directive required EU member states to adopt waste prevention programs by December 2013, and many countries included measures to foster innovative business models, repair, reuse, and ecodesign in their programs. Policy measures aiming to reduce waste also decrease the overall need for raw materials and avoid both waste and the emissions created along the value chains of materials and products. They also offer a variety of opportunities to reduce costs, from the purchase of raw materials to the treatment and disposal of wastes (EEA, 2016a) .
One of the central pillars of a circular economy is feeding materials back into the economy and avoiding waste being sent to landfill or incinerated, thereby capturing the value of the materials as far as possible and reducing losses.
Framework and responsibilities in solid waste management
Setting the key objectives as defined, the EU legislation is a necessary foundation of the sustainable waste management in Croatia, as transposed in the Act on Sustainable Waste Management (Official Gazette, 2013 [94/13] ). Some of its crucial elements are need to reduce waste landfilling in order to prevent its damaging influence on the environment as well as the necessity to increase use of useful waste by energy or material recovery. Development of procedures and installations that meet these goals will result in significant reduction of landfilling of all those waste components that have negative impact on the environment, optimal degree of recycling of useful materials, and energy utilization of residual waste. This would mean that the order of priorities in waste treatment is fully accepted (reuse, recycling, use of waste for material and energy purposes).
Croatia is committed to providing separate collections of waste paper, metal, plastics, and glass, waste electrical and electronic equipment, waste batteries and accumulators, end-of-life vehicles, waste tires, waste oil, waste textiles, and medical waste from January 2015. A local government should carry out the separate collection of hazardous waste, waste paper, metal, glass, plastics, and textiles, and coarse (bulky) waste by way of
• providing one or more functioning recycling yards or mobile units in its territory; • setting an appropriate number and types of containers for separate collection of hazardous waste and waste paper, metal, glass, plastics, and textiles not covered by the waste management system for special category of waste; and • informing households about the location and change of location of the recycling yard, mobile units, and containers for separate collection of hazardous waste and waste paper, metal, glass, plastics, and textiles, and transport services for bulky waste at the customer's request.
Furthermore, the first one that stands out in waste prevention is direct waste prevention in quality and quantity terms. It reduces generated waste amounts and its toxicity either by reducing the quantities within industrial production processes or by preventing waste generation through changing the lifestyle patterns or applying adequate product designs, which are the requirements that, under the Framework Waste Directive, the EU member states and their local and regional administration units must transpose into their laws and regulations and develop instruments for monitoring their performance in the actual practice. It is expected that the National Waste Prevention Programme for the Republic of Croatia (currently in daft) is going to be one of a documents dedicated to linking elements of the resource efficiency and waste policies.
According to the data from the Croatian Agency for Environment and Nature (2016), the amount of generated municipal waste in Croatia before 2005 is mainly based on estimates. From 2006 onward, the amounts are determined on the basis of data reported by the reporting obligation holders, with additionally estimated data regarding that part of the population that is not covered by organized waste collection and the municipalities for which the data were not reported. The increase of municipal waste amounts was recorded all through 2008, followed by decreasing waste amounts until 2010. From 2011 onward, there is a slight increase in waste quantities, which is most probably the result of adding the municipal waste from the service sector (packaging waste, paper and cardboard waste, etc.) to the calculated amounts. In 2013, the increase of total quantity of produced municipal waste in relation to 2011 was 4.6%, and 3% in relation to the previous year. However, in 2014, there was another reduction in waste quantities, down to the 2010 level, when it was approximately 1.6 million tonnes as a result of lower gross domestic product (GDP) and waste production per capita. Figure 1 shows the values of generated quantities of municipal waste in Croatia until 2014.
In 2013, the municipal waste generation amounted to 1,720,758 tonnes (402 kg per capita), i.e., daily amount per capita was 1.1 kg, and in 2014 the amount of generated municipal waste in Croatia was decreased to 382 kg per capita, which is below the EU average. The available Eurostat data on average annual household waste generation per capita show that in 2013 each person in the EU generated 477 kg of municipal waste. Recent data for 2014 processed at the level of the EU show decreasing trend of municipal waste generation per capita. Thus, at EU28 level 475 kg of waste was generated (a decline of 0.5% compared with 2013) .
In Croatia in 2013, 76% of total collected waste or 1,299,577 tonnes was mixed municipal waste, and in 2014 it made 79%, or 1,308,122 tonnes. The amount of other types of municipal waste that were directed to recovery in 2013 was 258,056 tonnes, and in 2014 this amount was 172,421 tonnes (CAEN, 2016) .
The first obligation of the Republic of Croatia regarding the reduction of municipal waste landfilling refers to the biodegradable waste component. Namely, the goal concerning landfilling in Croatia is regulated by the Act on Sustainable Waste Management, which lays down the amounts of maximum allowable biodegradable municipal waste that can be deposited annually in all landfills and noncomplaint landfills in the Republic of Croatia, in relation to the 1997 level of mass of biodegradable municipal waste generation. These amounts are:
• 75% or 567,131 tonnes by 31 December 2013; • 50% or 378,088 tonnes by 31 December 2016; and • 35% or 264,661 tonnes by 31 December 2020.
The trends in landfilling of biodegradable municipal waste over years in relation to the prescribed goals in the Republic of Croatia are presented in Figure 2 .
The targets have been put in place in regard to diverting biodegradable waste from landfill, and in order to meet them, countries' waste management strategies and policies are being changed and developed. The comparisons between the strategies, at either country or region levels, proved to be a useful method of assessing the effectiveness and drawbacks of the various strategies (Morrissey and Phillips, 2007; Mühle et al., 2010) .
The first target in reducing landfilling of biodegradable municipal waste with 31 December 2013 deadline, of 567,131 tonnes, had not been achieved because the total reported quantity of landfilled biodegradable municipal waste in 2013 was 870,434 tonnes. The quantities of waste of all types deposited in all landfills in the Republic of Croatia at end of 2013 exceeded the planned and allowed levels by 20.1%, so that the quantity of biodegradable waste was 53.5% above the allowable maximum (out of which 17% comes from the city of Zagreb). A similar scenario can also be foreseen for 2016, because on the basis of the 2013, 2016, and 2020 targets, it is possible to determine the targets for reduction of landfilling of biodegradable municipal waste mass by end of 2020 (Figure 3 ), which are significantly lower than the values of actual landfilling.
Considering the experience so far as well as the targets for biodegradable municipal waste landfilling, the introduction of and improvements in separate collection of biodegradable municipal waste in the city of Zagreb must be set as a priority. Otherwise, the goals and targets at the national level will certainly remain beyond reach even after 2020, the year set as a final deadline. Particular emphasis has been placed on the diversion of biodegradable municipal waste for a number of reasons. When landfilled, the anaerobic degradation of the putrescible fraction of biodegradable waste causes the release of greenhouse gases (GHG), especially methane, if not properly managed. Dealing with biodegradable municipal waste effectively can bring about an overall reduction in a country's GHG emissions, aiding compliance with GHG emission reduction targets set under the Kyoto Protocol (Zavodska et al., 2014) .
Demographic indicator
As the capital of Croatia, the city of Zagreb is a local self-government unit with a status of regional selfadministration. Its area stretches over 641.32 km 2 , and it consists of 17 districts. According to the 2011 census, Zagreb has a population of around 790,000 (Croatian Bureau of Statistics, 2014). The organized municipal waste collection in the city covers around 360,000 service users (data for 2012), out of which 350,000 are residential users (two thirds of the users live in residential buildings and one third in family houses). There are about 10,000 commercial users. In the city, the mixed municipal waste from households is collected mainly in containers and bins, and only a small portion in plastic bags.
Waste generation in the city of Zagreb
The landfill site of the city of Zagreb was established in 1965 as an "illegal" city landfill on an undeveloped piece of land on shallow gravel pits and backwaters near the Sava River right bank. In this way, an improvised landfill was formed on an area of more than 80 hectares in the immediate vicinity of city's residential areas, at about 5 km distance from its very center. The first investigations were carried out between 1986 and 1988, which confirmed the influence of the deposited waste on the quality of underground water. This is because of all way through the mid-1990s, the municipal, technological, and probably hazardous wastes had been deposited without any control. It is estimated that so far the Zagreb landfill has received more than 12 million tonnes of waste.
In early 1990s, the city administration initiated the work on a conceptual plan of clearing up and shutting down this landfill. The plan was put in motion in 1995 by recovery of the first surface. The recovery was carried out in the way that the on those places that were cleared from the old waste, the new surfaces with impermeable sealing system and peripheral ridge were developed. On these new surfaces, the old but also the new wastes were placed. Because of this, all the way through 2004 the new waste was deposited together with removing the old waste at the same time. The mobile thermal unit for treating hazardous waste was built in 1997, with capacity of 10 thousand tonnes. It was closed down in 2002 after a fire had broken out in the unit's temporary storage unit.
Although the Physical Plan of the City of Zagreb envisaged the recovery of the landfill by 2005, and the depositing waste on the remediated surfaces should have been ended by 2010 at the latest, the deadline for decommissioning the landfill and opening of the Waste Management Centre, any of this has not happened yet. The Decision Amending the Physical Plan of the City of Zagreb states that the capacity and technical facilities of the landfill site ensure the conditions for landfilling waste on the newly developed surfaces until 31 December 2018 and that neither the thermal treatment unit nor Waste Management Centre has been constructed. Presently, depositing waste on the landfill is the only waste management measure in the city. After closing down the landfill, the plan is to remediate the surface into a reclaimed green area with recreational facilities, without permanent residential buildings. Currently, it is possible to carry out sorting and pretreatment of municipal waste, bulk waste, and construction waste, to sort separately collected waste fractions, and carry out biological treatment of waste in the existing composting unit.
Furthermore, for comparing only capitals cities in the EU, waste generation in 28 EU capital cities ranges from around 270 kg per capita (Dublin) up to 666 kg per capita (Luxembourg), with the average at 445 kg per capita of municipal waste. Zagreb's value (386 kg per capita) is 13% lower than the average EU value. These differences can be partially explained by econometric factors (such as household size, household expenditure, or gross domestic product [GDP] ) and other factors such as number of visiting tourists and daily commuters. However, one key explanation is that each member state includes different types/sources of waste in the statistical data on waste generation (EU Directorate-General for Environment [EU-DG Environment], 2015) . Regarding the waste management in the EU, it is more than obvious that significant efforts have been made in the recent decade toward the diversion from landfill. Special emphasis has been given to the improvement of the biowaste management in various EU municipalities where waste management companies are introducing separate collection with clear economic and environmental benefits (Ribić et al., 2015) .
According to the data from CAEN (2016), Zagreb's annual waste disposal amounts to approximately 450,000 tonnes of all types of waste, out of which municipal waste makes up 437,000 tonnes. Figure 4 shows total quantities of mixed municipal waste, which, before 2014, was deposited at the city's landfill site. Figure 4 makes it evident that the quantities are above all the targets, which in the near future will be hard to achieve; it also shows that from 2012 to 2014 there was hardly any progress in this direction at the city level in terms of volume of mixed municipal waste, which was deposited in the landfill. Because of the obligation to close down the landfill site by end of 2018, it is necessary to find a quick and efficient solution for waste management in the city of Zagreb that will be based on circular economy of waste management and minimum possible wasting of resources through landfilling waste without being pretreated. The importance of introducing the circular economy principle in the Zagreb City region becomes evident in the light of the fact that Zagreb generates as much as 21% of total waste in Croatia. Due to this reason, the reform of the present city's waste management system is crucial in order to introduce a more efficient separate waste collection as well as the use of other technologies of mixed municipal waste recovery, all with the aim to meet the obligations regarding the waste management.
The important starting points for developing any proposal for an efficient waste management system are analysis and assessment of the present practices in waste management and waste prevention in the city of Zagreb, using the available data about waste and waste prevention measures and activities. Also, the analysis of the current legislative and regulatory framework at the national, regional, and local levels is essential for determining the required amendments as well as for identification of those thematic areas that still have not addressed the waste prevention issues. All future proposals for addressing waste management, in the Republic of Croatia and the city of Zagreb, depend on the composition of the municipal waste itself. The average composition of the municipal waste in the city of Zagreb is given in Figure 5 , which shows that the largest portion is biodegradable waste (about 63%).
Tightening the European Union legislation requires a reduction in the quantity of municipal waste sent to landfill, with a particular emphasis on biodegradable municipal waste (EEA, 2015) . Biodegradable municipal waste comprises the parts of household, commercial, and cleansing wastes that will biologically degrade, and is typically composed of food and garden wastes, wood, paper, cardboard, and textiles. Figure 6 shows the values of biodegradable waste deposited at the landfill site of the city of Zagreb.
Namely, in accordance with the obligations related to biodegradable waste that the Republic of Croatia has undertaken, by end of 2016 the maximum of 64,274 tonnes of biodegradable municipal waste can be landfilled in the Zagreb region. This means that by end of 2016, the allowed mass of biodegradable waste deposited on the landfill must be reduced from the 2012 level by 81,668 tonnes, or 56% of total landfilled biodegradable waste. For the year 2020, the allowed landfilling of biodegradable waste is even lower and amounts to only 44,992 tonnes, which is a reduction by 100,950 tonnes or as much as 69% of total biodegradable waste in 2012. Since in 2012 the amount of biodegradable waste landfilled at the Zagreb's landfill site was as high as 145,942 tonnes, it is evident that these obligations will not be fulfilled and that the separate biodegradable waste collection system is quite underperforming. To put the data into perspective, it results that out of the total waste amounts in Croatia, as much as almost 17% of biodegradable waste is landfilled in Zagreb. It can be concluded that without introducing an efficient system for separate collection of biodegradable waste at the city of Zagreb level, it will be very hard to achieve the targets at the national level. As for the separate waste collection in the city of Zagreb, paper and cardboard, glass, and waste plastics are collected in the bins and containers placed in the public areas. In addition, paper and cardboard are collected in bundles by special vehicles that tour in the afternoon and evening hours the locations where such waste is generated on a daily basis (shops, commercial centers, etc.).
Waste paper and cardboard are collected through a system of 2029 blue containers, of 2 and 3 m 3 in volume, which are placed on public surfaces, and in recycling yards and green islands. There is also a system for collecting waste glass packaging, consisting of 1547 green containers placed on public surfaces. Reusable glass packaging is mainly collected in the shops that are regulated by special regulations.
The system of 1488 yellow containers of 1.1 and 0.7 m 3 in volume installed on public surfaces in the city of Zagreb is in place for collection of nonrefundable waste plastic packaging and other, reusable, plastics. Given the fact that plastic packaging is covered by the special Ordinance on Packaging and Packaging Waste (Official Gazette, 2005 , 2015 88/15] ), the largest portion of this type of waste (drinks and beverages packaging) is collected in the shops in accordance with the special regulations. Until 2006, the plastic waste was collected only through a system of the yellow containers placed on public surfaces; with the coming into force of the Ordinance on Packaging and Packaging Waste and classification of plastic materials into refundable drinks and beverages packaging and other plastics, the amount of plastic waste collected in the yellow containers and bins dropped significantly. Only in 2015, 91 containers for separate collection of textiles and footwear were placed. Also, there are nine recycling yards where citizens can dispose of all separate waste without charge (more than 20 types of waste). Table 1 shows total annual amounts of waste paper and cardboard, glass, plastics, metal, and textiles that are collected from the municipal waste disposed of in the public containers and recycling yards.
Based on the data in Table 1 , it is possible to calculate the annual quantities of separately collected waste in the system operated in the city of Zagreb through its utility company. The results are the following: 1.91 kg of paper and cardboard; 1.62 kg of glass; 0.52 kg of plastics; 0.02 kg of metal; and 0.19 kg of textiles are collected per inhabitant annually. Overall, it amounts to approximately 4.26 kg of separately collected waste per year, or a modest 1.1% of total generated waste per inhabitant of the city of Zagreb. If other methods of waste collecting, operated outside the city-owned utility company system, are added to this picture, with an overall total of slightly below 5 kg per capita, the city of Zagreb has the lowest ranking among the EU28 capitals. For reference, the highest collection rate is 189 kg per capita (Luxembourg) including all five fractions, and Ljubljana, Rome, Stockholm, Tallinn, and Vienna perform very well in terms of quantities collected, with annual amounts exceeding 160 kg per capita. On average, the EU capitals separately collect 80 kg per capita of paper/cardboard, plastics, glass, and biowaste, and an average of 108 kg per capita once other fractions are included (e.g., bulky waste). This means that, on average, only 19% of generated municipal waste is collected separately in the EU28 capitals: in other words, 80% of the waste still ends up in the residual waste bins (EU-DG Environment, 2015) . Therefore, although the Zagreb City infrastructure has been developed, the waste collection within the systems operated by the city's utility company does not give the results that would contribute to fulfillment of the requirements imposed by the EU. Although comparing the countries' waste statistics can be a useful exercise in quantifying possible improvements, this comparison of Eurostat data has highlighted the difficulties in achieving meaningful comparisons due to differences in reporting and definitions. Of the 481 kg of municipal waste generated per capita in the EU in 2013, 470 kg were treated. This treatment followed different methods: 31% was landfilled, 28% recycled, 26% incinerated, and 15% composted. The share of municipal waste recycled or composted in the EU has steadily increased over the time period, from 18% in 1995 to 43% in 2013. Based on the reports from waste collecting operators, about 10% of municipal waste was sent directly to recovery. However, if we take into account the quantities of municipal waste from the service sector, the estimate is that around 20% of waste collected by city-based operators is recycled. Accordingly, the present waste management system, as organized by the city of Zagreb, is inefficient and inadequate, and further activities must be focused on creating conditions for separate waste collection and recovery.
The regular collection and transport of bulky waste from the Zagreb households is organized twice a year on an on-demand basis. The green market waste is collected daily from 23 locations. The collected municipal waste from green markets, excluding biowaste and useful waste, is transported to the city's landfill site.
Cleaning and washing the public surfaces is one of the municipal activities performed in the city. The cleaning is carried out for sanitation, security, and esthetical reasons. This is a way to prevent various waste materials such as dirt and stones, road salt, glass or metal or plastic debris, papers, leaves, etc., getting into the municipal sewerage system or surface waters. These waste materials are, under the special regulation, defined as residues from street cleaning, and within the current system, this waste is disposed of in the city's landfill.
According to the law, production waste is defined as the waste generated during production process in industrial, craft, and other processes, and its composition and properties make it different from municipal waste. The production waste in Zagreb City is collected by a number of licensed operators, legal persons who have obtained an appropriate waste management license. Construction waste produced in the past several years in the city's regions can be classified mainly under several key types of waste, namely, concrete, brick, roof tiles, ceramics, mixed construction waste, and postdemolition waste. At the landfill site, a unit for recycling construction waste has been built and processes this waste into recycled material used for covering waste and building access roads to the site itself. Table 2 shows the quantities of bulky and production wastes landfilled at the Zagreb's landfill site, waste from green markets, street cleaning waste, and construction waste.
Biowaste, as a fraction with the highest share in total biodegradable municipal waste, represents one of the greatest challenges in establishing a sustainable waste management system. The separate collection of biowaste at location of its generation generally results in better quality of the substrate due to lower content of impurities (such as plastic residues, metal compounds, glass packaging, etc.) when compared with mechanically separated organic waste from mass of municipal waste. Municipal waste mostly consists of organic waste, including kitchen Table 1 . Total quantities of separate collected waste through containers and recycling yards organized by the city of Zagreb Utility Company (waste paper and cardboard, glass, plastics, and textiles). 538  107  23  0  26  0  0  0  0  2008  2679  892  13  3  9  16  0  670  0  0  2009  2927  538  237  64  24  237  0  437  0  0  2010  2546  479  841  51  50  274  0  398  0  0  2011  897  151  760  28  79  91  0  0  0  0  2012  1567  188  775  32  177  25  0  0  0  0  2013  2953  330  909  42  336  360  3  0  0  0  2014  1443  436  1054 waste, food residues, waste from food industry, grass, wood, paper and cardboard, etc. "Green waste," as a part of municipal waste, mainly consists of garden waste and waste generated in the public parks. The collected biowaste is generally transported to composting units. Total annual quantities of treated biowaste are given in Figure 7 . The Act on Sustainable Waste Management defines the limits for landfilling of biodegradable waste and the limits for disposing of waste in noncompliant landfills. Before 2016, the amounts of biodegradable and landfilled wastes in the city of Zagreb were between 70,000 and 80,000 tonnes.
A particularly interesting type of biodegradable waste is fats and oils. The method of dealing with edible oils waste is regulated by a special ordinance that deals with waste oil management (Official Gazette, 2006 [124/06] ). Edible fats and oils are a raw material for biodiesel production and, as such, are highly marketable. Based on the data from CAEN (2016), during 2010 the amount of collected waste edible oils and fats in the city of Zagreb was 34.8 tonnes. It is considered that the quantity of waste edible oils is much bigger, and this waste is generally exported into neighboring countries as a raw material for biodiesel.
Irregular landfills in the Zagreb City region are being cleared up by orders of the Municipal Monitoring Office and environmental inspections. In the process of waste collection, metal waste, waste electrical and electronic equipment, waste tires, and possibly some other potentially hazardous material, if present, are collected separately on the spot. These types of waste are then handed over to the licensed companies for further processing, as required. The remaining waste, which by its composition, is similar to bulky waste is transported to the Zagreb landfill. Figure 8 shows total annual quantities of waste from irregular landfills of the city of Zagreb.
Proposed concept of sustainable waste management in the city of Zagreb This paper has made evident so far that the current waste management system in the city of Zagreb needs to be essentially improved in order to make it more resource efficient, as well as to shift the current practice upward in the waste management hierarchy (i.e., to reduce significantly waste disposal, and focus on waste prevention, reuse, recycling, and recovery). One of the main reasons why current waste management system is not sustainable is low recycling rate, especially for waste produced in the households. According to the latest study performed by the EC, the city of Zagreb has one of the poorest performing waste management systems of all capitals in the EU (BiPRO/Copenhagen Resource Institute [CRI], 2015). The same study has shown good practice examples in different EU capital cities, with the conclusion that source separation is the most effective way and that it is necessary to have large citizen engagement in all processes related to waste management.
In historical perspective, Croatia, including the city of Zagreb, has been very dependent on landfilling as a means of municipal solid waste disposal, mainly for the same reasons as other Eastern Europe countries: low or no landfill fees and a lack of other options. In many cases, it is still the cheapest waste management option in Croatia. However, by 2018, the city's landfill is planned for closing down and the city of Zagreb needs to introduce a new method of waste management. The new system must aim at establishing a sustainable waste management and meeting the targets set up by the EU directives (EC, 2008) and by the applicable law. It should be based on the following activities: Figure 7 . Total annual quantities of treated biowaste in composting units of the city of Zagreb.
• Waste prevention and reduction of the amounts of total waste generation, and establishing of system of product reuse • Improvement of the present separate collection system by increasing the number of the "green islands" and recycling yards and their efficiency • Introduction of separate collection of biowaste from large producers, and construction of anaerobic decomposition units for bio-methane production • Construction of a sorting unit for separately collected waste fractions • Construction of automated separation plant for the waste left out of the system of separate collection
The proposal for the system with main waste flows is described in Figure 9 . This figure also represents the proposed solution for sustainable waste management in the city of Zagreb, where the emphasis has been given to the separate waste collection and recycling of different waste streams, such as paper, plastic, glass, metal, and textile, and biowaste. Recycled materials would be sent for material recovery, and biowaste would be used for energy utilization. Residual municipal waste, whose amount after source separation is significantly decreased, would be sent to mechanical separation with the priority to separate useful waste for recycling. After all these processes, small quantities unused waste would be used either for energy recovery or sent to landfill.
Given the fact that the waste management is closely connected to the EU legislative framework, waste prevention should be one of the priorities, and it must be seen as a multidisciplinary field. Waste prevention in terms of reduction of waste amounts is not related only to environmental protection policies but also cuts across several specific areas, which are not directly concerned with these issues (innovation policy, education policies, etc.) (Carvalho and Marques, 2014) . During the implementation of several pilot projects in the Zagreb City region that deal with useful waste separation, it was noticed that the waste producers (citizens) have become increasingly aware of the need to prevent and reduce waste as well as of the need for better implementation of the environmental protection in general. The establishing of a waste reuse system aims at reduction of landfilling, extending of product's life cycle, and protection of standard of living, creation of new jobs, and utilization of local resources.
The existing waste management system as a whole should be redefined in accordance with the proposal presented in Figure 9 . Within this context, there is an urgent need to increase the quantities of separately collected waste. It is also essential to optimize the number of the bins for separate waste fractions (paper/cardboard, plastic/metal, glass, and textile) and their placement in the locations all over the city. Further, since the current system of monitoring the quantities of separately collected waste is not efficient enough, it is necessary to implement informatization and to introduce optimal waste transport programs. The separate collection system should be upgraded by increasing the number of "green islands" so that one bin or container for each waste fraction would cover the needs of 180-200 households, giving a priority to primary recycling by degree of material recovery of the collected waste fractions. The pilot projects of separate collection carried out in Zagreb showed, among other things, that the public is aware of the advantages of waste separation, with strong will to participate. In order to have their complete involvement, besides the educational, also day-to-day activities should be organized. This will certainly increase the amounts and the quality of separately collected waste fractions, which is unfortunately at the moment not satisfactory, and the quantities are still rather low. During the implementation of the pilot project, different workshops and presentations were introduced to the citizens, with very valuable outcome.
Especially problematic is the polymeric waste, which due to high impurity contents has a rather low recycling rate. Due to this, it is necessary to build a sorting unit for waste fractions collected in the Zagreb region, where different polymer fractions (polyethylene terephthalate [PET] , high-density polyethylene [HDPE] , low-density polyethylene [LDPE] , polypropylene [PP], etc.) would be separated. Such a unit would be fully automated and equipped with optical sensors, thus reducing to a minimum the need for manual work. Separately collected paper should also be sorted (cardboard packaging, newspapers, etc.) because it helps to achieve a significant economic benefit by selling the mixed paper for reuse.
Separately collecting specific fractions from municipal waste requires not only the implementation of an adequate collection system but also the active participation of the citizens. Individuals must understand their role in the waste management scenario and cooperate with the local authorities for the system to work. Adding to that, the public must be confident that any material they source-separated for recycling is sent for recycling and not landfilled or incinerated (Bortoleto et al., 2007) .
The level of citizens' engagement has a direct impact on the efficiency of a collection system. Where system changes are necessary, effective communication is needed to inform the public of its benefits. Properly informing citizens about the type and kind of waste that should be placed in separate bins is vital for reducing impurities and obtaining a high-quality recyclable material. On the other hand, public participation plays a vital role in providing critical information to law enforcement agencies. A great deal can be done by educating people and impressing upon them the consequences of illegal dumping and improper waste management that may create life-threatening conditions (Hasan, 2004) .
It is crucial for Zagreb to improve the rate of separately collected waste and move away from the rear end of the EU28 capitals ranking list, as one of the rare cities that has not an efficient system of sustainable waste management. It is possible to start introducing such improvements in useful waste management system (primary recycling) in 2016 already, but any significant progress (increasing quantities of separate waste) cannot be expected before 2017.
Because of the fact that a system of separate waste collection must be introduced quickly (due to legal requirements and EU obligations), it is necessary to start with separate collection of organic biodegradable portion (i.e., biowaste as a specific fraction) of municipal waste as soon as feasible. Of the five separately collected fractions, biowaste has the highest generation level within municipal solid waste. Nevertheless, its diversion from landfill will have significant positive impact to the environment (Bjorklund et al., 1999) . Therefore, the separate collection of biowaste is a prime candidate for significantly increasing total separately collected amounts. This is supported by the relatively high yields of collected biowaste, especially considering that waste collection does not share the long recycling history of more (commercially) valuable materials such as paper and glass. The system of biowaste collection in Zagreb should be focused firstly towards large biowaste producers, such as food industry with agricultural products processing, i.e., food and beverage industry, green markets and commercial centers, service sector centers, and agricultural producers. After that, such system of biowaste separate collection should also involve family houses, which besides kitchen waste produce large amounts of green waste (branches, grass, leaves, etc.).
In residential buildings, it is the kitchen waste that is mainly collected (food scraps, fruits, vegetables, etc.), and that biowaste is partly liquid, which makes it mandatory to collect it in biodegradable bags. Therefore, collecting bins should be placed in city neighborhoods for this purpose. The collection of biowaste is logistically organized by use of special separating containers that would be distributed to the households, or would be placed in special spaces in multistory buildings. The containers for biowaste disposal have volume of 120 and 240 L and, if required, possibly 1100 L. The containers for collecting separate biowaste should be distributed to the households, schools, kindergartens, institutions, small businesses, hotels, and restaurants. The biowaste generated at commercial centers and large producers would be collected in large bins and containers.
Energy use of biowaste collected in this way would be performed through anaerobic digestion and biogas production. Such biowaste treatment has two positive effects: landfilling prevention and production of an important energy source with potentially multiple usage. Main advantage of anaerobic digestion compared with the composting is energy production through the optimal utilization of biogas from biowaste, which, upgraded to natural gas (methane) quality, would be in city public transport, where it would be used as fuel for pressurized natural gas-powered buses. So far, within the city of Zagreb, there are 100 compressed natural gas (CNG) busses that are operating in the public transport, and two CNG filling stations. Also, it would be possible to directly connect upgraded biogas to the city gas network. Likewise, there is an option of using biogas in cogeneration units, producing electricity and heat, but it presumes the consumption of heat throughout the year. The fact that in the city of Zagreb, every year 30% of generated biowaste comes from the municipal waste ( Figure 5 ) is an argument in favor of such utilization of biowaste, because this quantity would be sufficient for running a biogas plant of 2 MW el of rated capacity. The fermented residue, or biowaste from anaerobic digestion, does not have odor nuisance; thus, its disposal does not cause this kind of problem for the population in the vicinity of the disposal site. It can also be used as compost for the city's public green surfaces.
The described activities in biowaste management can be launched in 2016 (for example, enlarging the area from which green waste is taken away), because such waste can be disposed of at the site where a composting unit is located. If the construction of biogas plant starts in 2016 (drafting project documentation), the plant could be operational by 2019, enabling the city to significantly increase the amounts of separately collected biowaste (especially biowaste from households and services).
By implementing all these activities, the city of Zagreb will certainly make a big step towards introducing a sustainable waste management system and improving useful waste separation. Given the fact that the present recycling rate of the main fractions (paper, plastic, biowaste) is rather low and the targets appear to be hardly achievable within the given deadline and within the primary recycling system, the fundamental problem to be addressed in the future is how to treat the mixed waste that will continue to be generated in the Zagreb region. Due to this, it is necessary to build a plant for automated separation of mixed municipal waste where useful fractions would be separated (e.g., paper, plastic, glass, metal, biowaste), thus in this way improving the system of primary recycling. Namely, it is necessary to separate any waste that is not covered by the separate collection system, firstly into biodegradable fraction, and all other useful fractions after that (paper, metal, glass, plastic), and only then to separate the fraction used for preparation of refuse-derived fuel (RDF), which would be a fuel for energy recovery (as replacement fuel for cement industry fuel, for example). The biodegradable fraction from the plant would be used for energy recovery in the process of anaerobic digestion, in the same way as other separately collected biowaste, and since the obtained fermented residue has a satisfactory organic carbon content, its landfilling is allowed. This method of treating mixed municipal waste and separation of useful components and their reuse is equivalent to the separate waste collection at place of generation and recovery. The preparation for developing the automated mechanical separation unit should start in 2016, so that it could be operational by end of 2019.
Unfortunately, the time frame for all of these activities is still unclear due to the current lack of waste management plan for the city of Zagreb. Table 3 shows the current situation of different waste streams produced as a part of mixed municipal waste in 2012, in accordance with the composition of mixed municipal waste system in Zagreb presented in Figure 5 . In the table are also presented figures regarding the reduction of municipal waste quantities by fractions by 31 December 2020. Based on the approach that all targets will not be achieved only by source separation, amounts of mechanical separation are also provided in the table. The measures for waste prevention and recovery are included in the activities related to separate collection and sorting.
The first target of annual 65% cutting down on landfilling of biodegradable municipal waste by 31 December 2020 from the 2012 level of 94,577 tonnes will be a challenge if midterm targets have not been achieved. The midterm targets should be met at the end of each calendar year. Also, it is necessary to organize separate collection of other waste fractions, i.e., it is possible to envisage a scenario based on the targets for December 2020. Based on this and in accordance with the introduction of the new system of separate collection, it is possible to determine the targets for step-by-step increase of separate collection of various fractions of mixed municipal waste by end of 2020 (Figure 10 ), on the basis of the targets set by the EU waste and landfill directives.
As all the data mentioned in the paper show, the rate of municipal waste recycling in the city of Zagreb is still very low and much lower than in other capital cities of the EU. On the other hand, the data in Table 3 and Figures 9 and 10 demonstrate that a relatively high municipal waste recycling rate can be achieved by introducing the new waste management system in the city of Zagreb.
There is a distinct impression that once the waste management and recycling system starts operating in the city of Zagreb, a lot of work is needed on education of the citizens, in order to have them become familiar with the system and to encourage their participation in finding solutions for a waste management that will work for the benefit of all city's inhabitants.
As we look into the future, it is important to keep in mind that municipal waste management in the city of Zagreb cannot be addressed simply as a technical, environmental, economic, or social issue, because all these aspects are closely interconnected. Improving waste management practices and making them as efficient as possible is going to be one of the most important environmental challenges Croatia will face in the future.
In light of all mentioned above, it is more than obvious that city of Zagreb needs in the future time to significantly invest in order to set up an efficient waste management system that will be not only ecologically but also economically sustainable. Main investments should be in setting up more efficient source-separation scheme (increase the number of recycling yards and "green islands"), biogas plant, and mechanical separation facility.
Based on the information gathered in similar EU cities (city of Hannover, city of Ljubljana), approximate initial investment costs are around €55 million.
Conclusion
It is considered that sustainable waste management has a huge potential of development not only for the city of Zagreb but for Croatia as well. There is strong need to introduce integral solid waste management system based on circular economy principles, which would strictly follow the waste management hierarchy. Given the fact that the present rate of recycling useful components of waste in the city of Zagreb is significantly below the targets set out by the EU, it is necessary to start to improve the current primary recycling system with a view to increasing the rate of waste separation. The upgrade of the existing system of waste management would result in considerable reduction of landfilling of all types of waste and fulfilling EU targets in waste and landfilling directives. The proposed waste management model should result in avoidance of waste generation and a reduction of waste amounts at source and to be disposed of, with a simultaneous increase in material and energy recovery. Reducing waste can result in many environmental, economic, and social benefits. It is important to keep on mind that sustainable waste management model in the city of Zagreb cannot be treated simply as a technical, environmental, or economic project because waste management requires a collaborative approach, with strategic partnerships between government, local authorities, experts, and general public. Waste can be prevented only by involving the public because people should be encouraged to separate more quantities of municipal solid waste for recycling or composting. For that reason, it is necessary to organize permanent and comprehensive education of the public and governmental institutions about the benefits of abandoning landfilling as a current situation and solution for waste in the region of the city of Zagreb.
